Abstract The question of involvement of glucocorticoid hormones as temporal signals for the synchronization of the timekeeping system was addressed in rats with different corticosterone status. The authors showed that adrenalectomy had no effects on the synchronization of wheel-running activity rhythms to a steadystate LD 12:12 cycle, regardless of whether it was compensated for by a corticosterone replacement therapy that either reinstated constant plasma concentrations of the hormone or mimicked its natural rhythm. However, after a 12-h phase shift (daylight reversal), the lack of circulating corticosterone induced a significant shortening of the resynchronization rate (less than 3 days vs. 7 days). Normalization required restoration of a rhythmic corticosterone secretion that was synchronized to the new photoperiod. Under constant darkness, the corticosterone rhythm did not show any synchronizing effect, providing evidence that it participates in entrainment of the locomotor activity rhythm through modulation of light effects. It is proposed that, under stable lighting conditions, circulating glucocorticoids contribute to stabilizing activity rhythms by reinforcing resistance of the circadian timing system to variations of the photoperiod. Experimental evidence that serotonergic neurons are involved in relaying their modulatory effects to the clock is also presented.
It is now clearly established that a central biological pacemaker located in the SCN of the hypothalamus orchestrates the circadian program governing rhythmic physiological and behavioral processes in mammals. This master clock is reset daily by external cues, among which light acts as a major zeitgeber, and sends timing information to subsidiary oscillators in peripheral tissues, providing the organism with a powerful and precise timekeeping system (Bartness et al., 2001; Buijs and Kalsbeek, 2001; Reppert and Weaver, 2002) .
Rhythmic endocrine secretions are believed to play major roles as mediators of temporal communication between the SCN and the rest of the brain and body. A well-known example is provided by the pineal hormone melatonin, which has long been recognized as a neuroendocrine transducer of day-length information . Other obvious candidates are the adrenal steroid hormones, which are also secreted in daily cycles and act on widespread targets throughout the organism. This is supported by earlier findings indicating a role for glucocorticoids not only as temporal signals that could synchronize the oscillators within the organism (Moore-Ede et al., 1977) but also as entrainment factors for some physiological and behavioral events at specific circadian time periods. Indeed, it was shown in rats that a single injection of dexamethasone, a corticosteroid analog with high glucocorticoid potency, phase shifted the body temperature rhythm with a phase-response curve typical of a circadian zeitgeber (Horseman and Ehret, 1982) . More recently, it was reported in mice that dexamethasone changed the phase of circadian gene expression in peripheral oscillators at any circadian time (Balsalobre et al., 2000) , supporting the view that glucocorticoid hormones may be involved in preservation of a stable phase relationship between each rhythmic function in physiology and behavior (Brown and Schibler, 1999; Pineda Torra et al., 2000) . The question of the potential involvement of endogenous adrenal steroids in the clock's synchronization, however, remains controversial as there is no direct evidence that phase shifts of the glucocorticoid rhythm could modify the timekeeping system. Moreover, the question of whether circulating glucocorticoids may interfere with light in the synchronization process was not addressed. Since light is a dominant zeitgeber for many rhythms, it may well mask potential concurrent effects of glucocorticoids during the synchronization process.
In this paper, we addressed this conjecture by investigating light synchronization of locomotor activity in rats with different corticosterone status. Results led us to design complementary experiments aimed at investigating light-independent synchronizing effects of circulating corticosterone and involvement of serotonergic systems as potential relays between blood-borne glucocorticoid messages and the circadian clock.
MATERIALS AND METHODS

Animal Care and Handling
Adult male Sprague-Dawley rats (Depré, SaintDoulchard, France) , weighing between 220 and 250 g at the beginning of experiments, were used. They were subjected to bilateral adrenalectomy, associated with a replacement corticosterone therapy or a sham operation. Some of them further received a 5,7-dihydroxytryptamine (5,7-DHT) treatment designed to induce neurotoxic 5-HT denervation. The animals were housed individually in transparent plastic cages equipped with 34.5-cm running wheels, with food provided ad libidum and access to drinking depending on the experiment (see further). Locomotor activity was monitored using the DATACOL 3 computerized data collection system (Minimitter, Sunriver, OR) that summed and stored wheel revolutions within 10-min periods. Ambient temperature (22°C) and humidity were kept constant in the animal room.
All experimental procedures were carried out in strict accordance with European Communities Council guidelines for the care and use of laboratory animals.
Adrenalectomy and Corticosterone Replacement Treatments
Surgery was performed between 0800 and 1000 h. The adrenals were removed by a dorsal approach under deep equithesine anesthesia (4.6% chloral hydrate/0.96% pentobarbital sodium wt/v). An initial dose (0.4 mL/100 g i.p.) was followed by an appropriate additional dose when required. To compensate for loss of salt, the adrenalectomized rats were allowed to drink 0.9% NaCl instead of water.
Two protocols were used for subsequent corticosterone therapy. Three groups of rats received a therapy designed to restore constant levels of corticosterone in plasma. Immediately after adrenalectomy, the rats were implanted with 250 mg subcutaneous pellets made of powdered cholesterol and/or corticosterone (Sigma, St. Louis, MO). The pellets were designed to deliver different amounts of the adrenal hormone: 100% corticosterone (high-CORT group), 35% corticosterone/65% cholesterol (medium-CORT group), or 10% corticosterone/90% cholesterol (low-CORT group). The corticosterone-cholesterol mixtures were made in a stainless steel spoon over a glas flame, and the pellets were obtained after pouring in a flat embedding mold in silicone rubber. This protocol was based on a previous work showing that corticosterone implants delivered steady-state levels of the hormone between 6 and 14 days postadrenalectomy (Maurel et al., 2000) . The control animals were implanted with 100% cholesterol (no-CORT group).
The second therapy was designed to reproduce the natural daily fluctuations of plasma corticosterone. Rats were implanted with 10% corticosterone/90% cholesterol subcutaneous pellets, which was expected to restore a basal hormone release in the diurnal range (Maurel et al., 2000) , and were also given corticosterone in the NaCl drinking solution (50 µg/ mL). Access to drinking was restricted to either their normal phase of activity (dark period), to restore the natural timing of hormone surge in plasma (Rodriguez et al., 1998 ) (CORT-rhythm group), or their normal phase of inactivity (light period), to make the corticosterone rhythm in opposite phase with the locomotor rhythm (inverted-CORT-rhythm group).
Neurotoxic Serotonin Denervation
Rats were deeply anaesthetized with equithesine as indicated above and received latero-ventricular stereotaxic injections of a single dose of 5,7-dihydroxytryptamine creatinine sulfate (5,7-DHT, Sigma, 150 µg "free base" in 20-µL saline containing 0.1% ascorbic acid) after treatment with desmethylimipramine (DMI, Sigma, 25 mg/kg i.p., 30 min earlier) to protect catecholaminergic neurons (see Bosler et al., 1992) . Control rats were injected with the vehicle only (saline and ascorbic acid) after the same DMI treatment. Surgery was made between 8000 and 1200 h.
Experiments
An initial study (study 1) was aimed at validating the experimental models used in the pilot study comparing the capacity of adrenalectomized rats, submitted to a different corticosterone replacement regimen, to adapt their rhythms of wheel-running activity to a phase shift of the LD cycle (study 2). Then, three additional studies were carried out to complement the data (studies 3, 4, and 5).
Study 1: Hormonal status characterizing the different experimental groups. Efficacy of adrenalectomy was verified on blood samples taken in the no-CORT group at the end of the experiments. The effects of hormonal therapies on corticosterone plasma levels were tested 7 days after adrenalectomy in the low-CORT, medium-CORT, high-CORT, CORT-rhythm, and inverted-CORT-rhythm groups. Six rats in each group and 6 sham rats were subjected, under equithesine anesthesia, to intracarotid cannulation with PE-50 polyethylene tubing, in accordance with Szafarczyk et al. (1979) . Every day for the next 3 days, the rats were handled gently to minimize handling-stress effects on the day of sampling, and the cannulas were flushed with an heparinized saline solution (also see Sage et al., 2001) . Sequential blood samples (0.3 mL) were collected on the 4th day at 3-h intervals. Each sample was followed by an injection of heparin-saline through the cannula. Then the rats were sacrificed by decapitation, and the thymus gland, a sensitive target for corticosterone, was removed and weighed to serve as an additional physiological index of the corticosteroid status of each animal (Cador et al., 1993) .
Circulating corticosterone concentrations were measured by radioimmunoassay in 20-µL plasma samples after an ethanol extraction (Conte-Devolx et al., 1982) . The sensitivity of the assay was 60 pg/ tube, and intra-and interassay coefficients of variation were 6% and 8%, respectively.
Study 2: Light synchronization of wheel-running activity under different corticosterone status. The study involved all experimental groups defined above (sham, no CORT, low CORT, medium CORT, high CORT, CORT rhythm, and inverted CORT rhythm, n = 6 in each group). Immediately after adrenalectomy or sham operation, the animals were exposed to a 12-h light/dark regimen (LD 12:12, lights-on at 7000 h). Wheel-running activity was monitored for 12 days under these lighting conditions; then the lights were kept off for 24 h, and the phase of the photoperiod was shifted to produce a 12-h delay of light onset (daylight reversal referred to as "day 0"). After 15 additional days of actographic recording, the time required for synchronization of the locomotor rhythm to the new light schedule was measured as indicated below.
After the shift, the CORT-rhythm rats no longer had restricted access to the CORT drinking solution. They were allowed to drink freely to avoid forcing light resynchronization. In contrast, the inverted-CORTrhythm rats still had restricted access to drinking, but the time window for water availability was inverted (new light period) to make the timing of the corticosterone surge unchanged with regard to the previous schedule.
At the end of the study, all rats were sacrificed by decapitation at either the light or dark phase of the cycle, trunk blood was collected, and the thymus gland was removed and weighed.
Study 3: 24-h profile of the restored corticosterone rhythm after the light shift. Sham rats (n = 12) were compared to CORT-rhythm rats (n = 12). As in study 2, the latter had a 24-h free access to drinking after the daylight reversal. Plasma levels of corticosterone were monitored as indicated for study 1 on sequential blood samples (0.3 mL) that were collected at 3-h intervals before and after the daylight reversal. To avoid taking more than three samples per animal, blood collections were made on day 1, day 5, and day 9 in half of the rats in either group and on day -1, day 3, and day 7 in the other rats.
Study 4: Light-independent effects of corticosterone on wheel-running activity. The study involved 6 rats in each of the sham-operated, no-CORT, and CORTrhythm groups. Animals were kept in constant darkness (DD 12:12) immediately after surgery and were allowed to drink only during the previous dark phase of the cycle (1900 to 7000 h). Their activity rhythms were monitored for 20 days. Sacrifices at the end of the study were made by decapitation to permit trunk blood collection. The thymus gland was also removed and weighed.
Study 5: Resynchronization of wheel-running activity after 5-HT denervation.
The study involved 5,7-DHTtreated rats compared to control rats (n = 6 in each case), which were all housed under LD 12:12 conditions and subjected to daylight reversal as in study 3. We chose to carry out the study in inverted-CORTrhythm rats (see Results) (i.e., with access to the NaClcorticosterone drinking solution after the shift only during the new light phase). Resynchronization of activity rhythms was evaluated as indicated above by measuring the time required for adjustment to the new photoperiod (see below). Data were compared to those obtained for a group of no-CORT rats (n = 6) that were submitted to the same experimental conditions and monitored in parallel.
At the end of the study, all the 5,7-DHT and control rats were sacrificed, under equithesine anesthesia, by perfusion of phosphate-buffered 4% paraformaldehyde for immunohistochemical assessment of 5-HT denervation. Before perfusion, a blood sample was taken by intracardiac puncture. Serial 50-µm thick coronal sections were cut with a vibratome through the rostro-caudal plane of the SCN and stained for 5-HT using a rabbit anti-5-HT polyclonal antibody (Immunotech, France; working dilution: 1/5000) and a standard avidine-biotine-peroxidase method (see Maurel et al., 2000) . The no-CORT rats were sacrificed by decapitation. Blood was collected from the trunk, and the thymus gland was removed and weighed.
Measurement of the Resynchronization Time after the Daylight Reversal
The onset of daily activity of each experimental animal was determined from analysis of the individual actograms obtained throughout the whole recording period. Values for each animal were fitted by performing nonlinear regression with Sigma Plot (Jandel Scientific, Erkrath, Germany). The S-shape of the curves suggested that the following logistic equation with four parameters could be used
where y is the time of onset activity at day x, a is the time of onset activity on the 1st day of monitoring, d is the time of onset activity at the end of experiment, SD 50 is the day when the time of onset activity is halfway between a and d (inflection point of the curve), and b is a "slope factor" related to steepness of the curve (unitless). The coefficient of determination of each curve was checked to ensure that a reasonable fit was achieved.
The effects of hormone manipulations and 5,7-DHT treatment on reentrainment of activity rhythms to the new lighting conditions imposed by the phase reversal were assessed by comparing means of b and SD 50 values calculated in each experimental group.
Statistical analysis was performed using one-way or two-way analysis of variance (ANOVA) as needed. A Newman-Keuls multiple-comparison test was used for post hoc comparisons.
RESULTS
Effect of Corticosterone Replacement Therapies on Corticosterone Plasma Levels and Thymus Weights (Study 1)
Corticosterone was under the limits of detection in blood samples from the adrenalectomized rats of the no-CORT group. In contrast, the sham-operated rats showed phase-related peaks of secretion at the beginning of the dark period in accordance with previously described standard patterns, while the corticosterone-treated rats showed restorative effects that depended on the way the hormone was given (Fig. 1) .
In rats given CORT implants only, corticosterone did not fluctuate over the 24-h cycle. At each time point, plasma levels were in the range of nocturnal peak values in the high-CORT group (160 ng/mL; area under the curve [AUC]: 3963 ± 155) and of diurnal values in the low-CORT group (60 ng/mL; AUC: 1599 ± 54). In the medium-CORT group, they were in an intermediary range (120 ng/mL; AUC: 2841 ± 111).
In contrast, when given in drinking solution, corticosterone restored daily patterns in plasma. Rats of the CORT-rhythm group had nocturnal peaks that appeared to be phase delayed for some 3 h as compared to sham rats. In those of the inverted-CORTrhythm group, the surge of plasma CORT occurred in the light period. The AUCs, measured for each profile as an index of overall secretion, were not statistically different in the sham (1995 ± 205), CORT rhythm (1850 ± 192), and inverted-CORT-rhythm (1701 ± 181) groups (one-way ANOVA: F = 3.5).
Adrenalectomy invariably resulted in a 35% increase of thymus weights (mean values: 795 ± 9 mg in the no-CORT group vs. 585 ± 29 mg in the sham group; p < 0.05). Mean weights were in the range of sham values in both the medium-CORT group (431 ± 37 mg; p > 0.05) and the CORT-rhythm group (453 ± 37 mg; p > 0.05) but not in the low-CORT group (808 ± 56 mg; p < 0.05). In the high-CORT group compared to the sham group, they were reduced by more than 50% (222 ± 48 mg; p < 0.001) (one-way ANOVA: F = 14,6, p < 0.0001, followed by Dunnett's multiple-comparison test).
Phase Resetting of Wheel-Running Activity after Inversion of the Light/Dark Cycle as a Function of Corticosterone Status (Study 2)
Although levels were relatively low in the no-CORT group, wheel-running activity was clearly entrained to the LD cycle in all hormone conditions, with a predominantly nocturnal pattern and some variations in the daily schedules of activity onset (Fig.  2) . Analysis of the fitted curves (Fig. 2) allowed objective assessment of the starting schedule of each animal throughout the whole recording period.
Resynchronization of activity rhythms after reversal of the photoperiod exhibited specific temporal patterns that were reflected by both the SD 50 and the "slope factor" (b) of the fitted curves. Mean values calculated from the curves obtained for sham-operated rats and all adrenalectomized rats (6 groups) are compared in Figure 3 . Analyses of variance of both parameters showed that the time period required for phase resetting to the new lighting conditions was dependent on the hormonal status. As extrapolated from SD 50 values, resetting of activity rhythms to the new photoschedule was faster in no-CORT rats (less than 3 days) than in sham rats (around 7 days). In the high-CORT, medium-CORT, and low-CORT groups, resynchronization times were in the same order of magnitude as those calculated for the no-CORT group. They returned to sham values in rats of the CORT-rhythm group. In contrast, the inverted-CORTrhythm group resynchronized more slowly than any other group since not less than 10 days were required.
Further comparison between groups led to distinguishing 2 types of resetting patterns: a pattern with a low resynchronization rate, which was typical of the sham, CORT-rhythm, and inverted-CORT-rhythm groups, and a pattern with a high resynchronization rate, which was typical of the no-CORT, high-CORT, medium-CORT, and low-CORT groups. Figure 1 . Day/night plasma corticosterone concentrations in adrenalectomized rats submitted to different corticosterone replacement therapies. The "high," "medium," and "low" groups refer to rats having received corticosterone implants that delivered different amounts of the hormone on a steady-state basis. In the "rhythm" and "inverted-rhythm" groups, the drinking solution was supplemented with corticosterone to restore daily fluctuations and was given during the dark or light period, respectively. Note that the corticosterone rhythm in the rhythm group is phase delayed with regard to the natural rhythm ("sham" group, also see the upper left panel in Fig. 4 ). In the inverted-rhythm group, it shows an inverse phase relationship with the rhythms characterizing the sham and rhythm groups. Each data point represents mean ± SEM levels (n = 6 in each case). The black bar along the xaxis indicates the dark period of the cycle.
Phase Resetting of the Corticosterone Rhythm after Inversion of the Light/Dark Cycle (Study 3)
Based on these results, we next examined whether reentrainment of the corticosterone rhythm to the new photoschedule was slower or faster than that of the locomotor activity rhythm. To this end, we monitored plasma levels of corticosterone in rats of the sham and CORT-rhythm groups before and on 3 different days after the phase reversal (Fig. 4) .
Before reversal (day -1), profiles of the curves were similar in both groups but, consistent with the above description (see Fig. 1 ), the artificial rhythm was phase delayed as compared to the natural rhythm. Night/ day AUC ratios calculated for each group did show that the overall secretion of corticosterone in the dark period was greater in the rhythm group than in the sham group (2.08 vs. 1.72).
At day 1, corticosterone concentrations exhibited bimodal temporal patterns of distribution in both groups. They were similar in the dark and light phases of the new cycle (night/day AUC ratios: 0.71 ± 0.07 in the sham group and 1.03 ± 0.08 in the CORT-rhythm group). At day 3, plasma corticosterone became clearly greater in the dark phase (night/day AUC ratios: 2.05 in the sham group and 1.48 in the CORTrhythm group). At day 5, visual comparison of the profiles of the 2 curves with those obtained at day -1 indicated that a standard pattern of distribution had been recovered in both groups. Accordingly, the AUC ratios were in the same order of magnitude as those calculated for the corresponding curve at day -1 (sham group: 1.37; CORT-rhythm group: 2.35), reflecting "restoration" of the phase-delayed rise of corticosterone expected at night for the COR-rhythm group.
Incidence of the Corticosterone Rhythm on the Synchronization of Wheel-Running Activity in Constant Darkness (Study 4)
Adrenalectomy had no effect on the free-running activity profile under constant dark (data not shown). Restoration of an artificial 24-h corticosterone rhythm through availability of the hormone in the drinking water within a 12-h time window (see Materials and Methods) did not have a synchronizing effect (Fig. 5) . There was no apparent difference in the free-running period of wheel-running activity between the sham, no-CORT, and CORT-rhythm rats.
Effect of Serotonin Denervation on the Glucocorticoid-Dependent Light Synchronization of WheelRunning Activity (Study 5)
We chose the inverted-CORT-rhythm model to study the effect of the 5,7-DHT treatment as rats of this group were previously found to resynchronize their activity rhythms after the daylight reversal much more slowly than rats of any other group (10 days; see study 2). The 5,7-DHT treatment clearly reduced the time required for full resynchronization to the new photoschedule (Fig. 6) . Accordingly, quantitative results from fitted curves obtained after nonlinear regression showed that mean SD 50 and b values were, respectively, 1.86 ± 0.27 and 4.36 ± 0.38 in 5,7-DHTtreated rats and 5.36 ± 0.54 and 4.36 ± 0.3 in salineinjected control rats. In fact, as also seen in Figure 6 , the 5,7-DHT-treated inverted-CORT-rhythm rats behaved as untreated no-CORT animals (SD 50 = 1.36 ± 0.14 and b = 11.6 ± 1.32), meaning that the treatment suppressed the effect of the corticosterone therapy in terms of light synchronization of wheel running.
On histological controls, the SCN of saline-injected rats exhibited the typical dense network of 5-HT immunoreactive fibers previously described throughout its whole rostro-caudal extent. The 5,7-DHT treatment invariably induced a total disappearance of positive fibers in the periventricular hypothalamus, including the whole SCN (Fig 6) .
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DISCUSSION
Validity of the experimental paradigm used to produce either steady-state or rhythmic levels of the hormone was assessed by plasma measurements made in study 1. Efficacy of the different corticosterone therapies was also confirmed by the fact that the adrenalectomy-elicited increase in thymus weight, which was previously shown to be a reliable indicator of glucocorticoid action (Cador et al., 1993) , was insensitive to corticosterone implants of low dosage but was reversed by other replacement treatments. It was not unexpected that the artificial nocturnal peak of corticosterone characterizing CORT-rhythm rats was phase delayed since the rhythm was entrained by water intake, which started at night and therefore did not permit the anticipatory surge in glucocorticoid secretion that normally occurs just before activity (Endo, 1999) . That rats exposed to an inverted photoperiod and forced to drink the corticosterone solution at a time corresponding to the new light period had a corticosterone surge in plasma occurring during this period (previous activity phase) confirmed that the rhythm of the hormone in the inverted-CORT-rhythm group was in opposite phase with the LD cycle. Results of study 1 therefore collectively showed that the corticosterone status of the animals was as expected for the group to which they belonged, allowing the assertion that, in our pilot study (study 2), resetting of wheel-running activity after the daylight reversal in a given group was actually related to the corticosterone status characterizing that particular group. This was confirmed by the fact that, on samples taken at the end of the experiment, we did find plasma corticosterone levels and thymus weights to be in the ranges expected for the animal considered. From analysis of each daily profile of activity before the reversal, it appeared that the lack of a corticosterone rhythm did not impair light synchronization of the locomotor rhythm; either this lack resulted from noncompensated adrenalectomy (no-CORT group) or from delivery of steady-state levels of the hormone (low-CORT, medium-CORT, and high-CORT groups). Interestingly, activity rhythms remained unperturbed not only when the replacement therapy mimicked the natural daily pattern of corticosterone secretion (CORT-rhythm group) but also when it restored the corticosterone rhythm in an inverse phase relationship with the LD cycle (inverted-CORT-rhythm group). These observations were consistent with a prevailing role played by light in the synchronization process but did not preclude some involvement of glucocorticoids. To unmask glucocorticoid action, we chose to make the rhythm of wheel-running activity desynchronized to the LD cycle by reversing the light schedule (12-h phase shift). This experimental paradigm allowed us to obtain quantitative data on reentrainment to the new lighting cycle that appeared consistent with our working hypothesis that glucocorticoid hormones interfere with the light zeitgeber during the synchronization process.
We showed that adrenalectomy induced a significant shortening of the time necessary for phase resetting of wheel-running activity after the shift and that normalization required restoration of an artificial rhythm of corticosterone in plasma rather than steady-state levels (study 2). Taken together with the observation that the CORT-rhythm group recovered a standard pattern of plasma corticosterone in good temporal coincidence with full resynchronization of wheel-running activity to the new light schedule (Fig.  3) , this result demonstrates that the daily fluctuations of corticosterone, but not corticosterone per se, are involved in regulation of photic entrainment of the locomotor activity rhythm. The observation that the rate of reentrainment after the shift was significantly lower when the corticosterone rhythm was desynchronized to the lighting cycle (inverted-CORTrhythm group) than when it was phased to it (CORTrhythm group), as well as previous data from others showing that the continuous administration of physiological doses of glucocorticoids in adrenalectomized animals had no effects on the daily rhythm of motor activity (Albers et al., 1985; Endo, 1999) , are coherent with this conclusion. Then, it is conceivable that under circumstances when glucocorticoids are not secreted in daily patterns, activity rhythms are directly dependent on the LD cycle, explaining why rats lacking a corticosterone rhythm (no-CORT group and groups given implants) had a shortened resynchronization time after the daylight reversal. Under stable lighting conditions, the rhythm of circulating glucocorticoids would contribute to stabilizing the locomotor rhythm by reinforcing the resistance of the circadian timing system to variations of the photoperiod.
Interestingly, there is experimental evidence that the resynchronization of locomotor activity following a daylight shift is similarly modulated by the daily fluctuations of the timekeeping hormone melatonin. Rodents submitted to pinealectomy (Finkelstein et al., 1978; Quay, 1970) or receiving continuous infusions of melatonin (Golombek and Cardinali, 1993; Hau and Gwinner, 1994; Illnerova et al., 1989; Marumoto et al., 1996; Redman and Armstrong, 1988) indeed showed an accelerated entrainment of the locomotor activity rhythm after daylight reversal, and it was also the case for a strain of mice characterized by a low secretion of the hormone in the dark period (Kopp et al., 2000) . Our present results are reminiscent of these observations.
Results of study 4 showed that the daily pattern of corticosterone had no phase-resetting action in its own right, being unable to synchronize free-running activity rhythms to a 24-h cycle imposed by a 12-h restricted availability of the corticosterone-enriched drinking solution. In this experiment, the hormone was given in the second part of the cycle (1900 to 7000 h), but reversing the time window of drinking availability (7000 to 1900 h) did not change the results (data not presented). This was not unexpected considering that previous data showed that the glucocorticoid analog dexamethasone did not change the phase of circadian gene expression in the SCN (Balsalobre et al., 2000) . The results provide definitive evidence that the corticosterone rhythm participates in entrainment of the locomotor activity rhythm through modulation of light effects, reemphasizing the dominant role played by light in the hierarchy of synchronizing factors. Previous experimental data in adrenalectomized hamsters entrained to a steadystate LD cycle showing that cortisol had no significant effects on activity rhythms when given in a 24-h rhythm several hours out of phase with the natural rhythm of the hormone (Albers et al., 1985) are in line with this conclusion
It is now widely accepted that the SCN central clock and the multiple oscillators that govern rhythmic outputs are interconnected to form a hierarchical circadian system (Aschoff and Wever, 1976; Pittendrigh, 1974) . That several, hierarchically organized zeitgebers do interact in the complex regulation of circadian rhythmicity has been emphasized in a recent study showing that glucocorticoid signaling contributes to the coupling of peripheral and central circadian oscillators by feeding (Le Minh et al., 2001) . It is then conceivable that the daily fluctuations of adrenal steroids may exert their stabilizing influence on the locomotor activity rhythm through regulation of secondary oscillators in appropriate brain structures (Honma et al., 1987) -namely, in the striatum and parietal cortex (Iijima et al., 2002; Masubuchi et al., 2000) . Not excluding this possibility, glucocorticoids could also act via rhythmic feedback messages to the central pacemaker. Interestingly in this context, there is good evidence to suggest that AVP, one major clockcontrolled gene that has been shown to be rhythmically regulated by the same transcriptional machinery that is involved in molecular functioning of clock cells (Jin et al., 1999) and by circulating glucocorticoids in the SCN (Larsen et al., 1994) , is involved in generation of the locomotor activity rhythm (Diamant and De Wied, 1993; Isobe and Nishino, 1998; Murphy et al., 1993; Scarbrough and Turek, 1996) .
It has been stressed that the SCN does not express significant levels of glucocorticoid receptors (Ahima and Harlan, 1990; Balsalobre et al., 2000; Cintra et al., 1994; Morimoto et al., 1996; Rosenfeld et al., 1988) . However, this lack does not preclude an action of adrenal steroids at the pacemaker level since, conceivably, glucocorticoid timing messages might reach the clock via sensitive neuronal targets projecting to the SCN. Particularly attractive candidates were the serotonergic neurons of the midbrain raphe, which do project massively to the SCN and are known to express a high density of glucocorticoid receptors (Härfstrand et al., 1986; Steinbusch, 1981) . Strong support for this possibility was provided by study 5, which showed that 5-HT deafferentation of the SCN in adrenalectomized rats, whose effectiveness was assessed immunohistochemically, prevented the modulatory effects of a restored corticosterone rhythm on photic synchronization of the locomotor activity rhythm. Then it may be proposed that glucocorticoid rhythmic signals are relayed to the clock through the daily variations in intra-SCN 5-HT release (Barassin et al., 2002; Dudley et al., 1998) . Data from the literature showing that 5-HT is involved in the modulation of photic signaling (Mistlberger et al., 2000) and that its release in SCN reaches peak levels at the light/dark transition (Dudley et al., 1998 ) (i.e., at a time when corticosterone levels are the highest) are highly consistent with this view.
Based on current knowledge that the synchronization of SCN oscillating cells play major roles in the expression of circadian timekeeping functions (Colwell, 2000) , it may be speculated that the mechanisms of glucocorticoid action could involve modulation of neuronal coupling through regulation of the plastic morphological reorganizations thought to occur in the SCN throughout the 24-h LD cycle (Glass et al., 2003; Servière and Lavialle, 1996) . Previous data from our group showing that glucocorticoid hormones regulate SCN expression of glial fibrillary acidic protein (GFAP), the astrocyte-specific intermediate filament protein known to be critically involved in brain structural reorganization processes, as shown in the hypothalamo-neurohypophyseal system (Salm et al., 1985; Theodosis and Poulain, 1993) , come in strong support to this view. The above-presented evidence that serotonergic neurons are involved in relaying the modulatory effects of adrenal steroids on the clock's light synchronization-together with previous data from Glass and Chen (1999) showing that 5-HT modulates rhythmic astrocytic activity in the SCN, presumably through its daily rhythm of intra-SCN release-are highly consistent with this hypothesis.
In conclusion, the present data highlight involvement of circulating glucocorticoids in the modulation of the photic entrainment of activity rhythms. They point to the fact that these hormones should be secreted in daily cycles to interfere with light in the entrainment process, presumably explaining why the organism's circadian rhythms are mostly preserved during stress exposure despite an abrupt surge of their concentrations in blood. Under normal conditions, their fluctuations in blood would contribute to stabilize activity rhythms through a serotonergic mechanism. Work is in progress to determine whether glucocorticoid effects on photic synchronization of the clock involve modulation of the neuronal-glial plastic events that are believed to occur in the SCN over the 24-h cycle.
